The palette of fluorescent proteins (FPs) available for live-cell imaging contains proteins that strongly differ in their biophysical properties. FPs cannot be assumed to be equivalent and in certain cases could significantly perturb the behavior of fluorescent reporters. We employed Saccharomyces cerevisiae to comprehensively study the impact of FPs on the toxicity of polyglutamine (polyQ) expansion proteins associated with Huntington's disease. The toxicity of polyQ fusion constructs is highly dependent on the sequences flanking the polyQ repeats. Thus, they represent a powerful tool to study the impact of fluorescent fusion partners. We observed significant differences on polyQ aggregation and toxicity between commonly used FPs. We gener- 
The palette of fluorescent proteins (FPs) available for live-cell imaging contains proteins that strongly differ in their biophysical properties. FPs cannot be assumed to be equivalent and in certain cases could significantly perturb the behavior of fluorescent reporters. We employed Saccharomyces cerevisiae to comprehensively study the impact of FPs on the toxicity of polyglutamine (polyQ) expansion proteins associated with Huntington's disease. The toxicity of polyQ fusion constructs is highly dependent on the sequences flanking the polyQ repeats. Thus, they represent a powerful tool to study the impact of fluorescent fusion partners. We observed significant differences on polyQ aggregation and toxicity between commonly used FPs. We generated a novel series of vectors with latest yeast-optimized FPs for investigation of Htt toxicity, including a newly optimized blue FP for expression in yeast. Our study highlights the importance of carefully choosing the optimal FPs when designing tagging strategies.
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| INTRODUCTION
The ability to visualize protein localization in living cells or whole organisms has been the driving force behind a myriad of new technological innovations in fluorescent microscopy that revolutionized our ability to address many biological problems. 1, 2 The engineering of the green fluorescent protein (GFP) reporter 3 paved the way for the subsequent discovery and optimization of other fluorescent genetically encoded reporters that can be employed to tag native proteins. Since the pioneer work on GFP, several other fluorescent proteins (FPs) have been characterized, covering the whole ensemble of the light spectrum, from the ultraviolet to the far red. [4] [5] [6] [7] [8] [9] FPs vary extensively in their physical features beyond just their spectral properties. These properties can include brightness, photostability, maturation time, oligomeric state (monomers, dimers, multimers) and folding capacity. 10 While these reporter proteins have been instrumental in several discoveries, the addition of a fluorescent tag can disrupt the normal function of the protein of interest. 11 First, not all FPs are equally suitable for every cellular compartment. For example, when using fluorescent fusion proteins that enter the oxidizing environment of the endoplasmic reticulum, one should avoid FP containing internal cysteines that may cause creation of aberrant, non-native disulfide bond resulting in formation of misfolded and non-fluorescent FP oligomers. [12] [13] [14] [15] Accumulation of a significant pool of such dark misfolded oligomers can not only lead to a significant underestimation of protein concentrations, but also cause unwanted protein interactions, especially with the cellular protein quality control machinery. 15 Second, all FPs originally isolated from either corals or jellyfish exist as oligomers in their environment of origin. For example, GFP forms a complex with aequorin and the original DsRed is a tetramer. Original studies have shown that GFP can form dimers in crystals 16 and when present at high concentration in solution. 17 Therefore, efforts were directed into improving the monomeric status of FPs. Discorvery of mutations that improve the monomeric nature of GFP 18 and DsRed 7 paved the way for improvement of the FP technology. The tendency of several FPs to oligomerize has been shown to artificially lead to cellular membrane reorganization. 19, 20 Moreover, several studies have
shown that FPs originally characterized as monomers were prone to aberrant protein interactions. 14, [20] [21] [22] It was recently shown that the choice of a specific FP can significantly alter the behavior of tandem FP timers used to measure protein turnover in living cells. 23 The behavior of FP's can also be potentially affected by several other factors such as pH and other physical properties 24 and the size of the linker domain between the fusion partners. 25 Thus, when designing strategies to produce FP-tagged proteins, the choice of a specific FP is crucial in order to minimize the effect on native protein and thus obtain optimal experimental conditions reflecting untampered functions and properties of the native proteins. 26 Aberrant expansion of polyglutamine (polyQ) repeats within disease-causing proteins is at the root of several human neurodegenerative pathologies including Huntington's disease (HD). 27 In HD, expansion of the polyQ region (typically over 36 repeats) within the N-terminal region of the first exon of the Huntingtin protein (Htt   ex1   ) results in its misfolding and increased aggregation into detergentinsoluble, amyloid-like inclusions bodies (IBs). 28 Several studies showed that polyQ proteins assembly into toxic intermediate oligo-
mers that preceded accumulation of IBs represent the most toxic species of the protein which may be associated with HD pathogenesis. [29] [30] [31] [32] [33] Thus, understanding the parameters regulating polyQ oligomer formation is critical to our understanding of HD. In order to decipher these mechanisms, a yeast model of HD was developed, [34] [35] [36] [37] allowing rapid and extensive dissection of the genetic mechanisms underlying polyQ aggregation and toxicity. Over the years, the yeast model of HD has led researchers to identify several determinants of toxicity in HD, from chaperone proteins that assist protein folding, [38] [39] [40] to activation of endoplasmic reticulum stress pathways, 41 that were subsequently validated in other models.
In most cases, assessment of polyQ aggregation and toxicity is performed using a fluorescent fusion protein consisting of Htt ex1 fused to FPs at the C-terminus following the polyQ repeats. 35, 37, 42, 43 Based on the aforementioned ability of FPs to affect the behavior the protein of interest, we hypothesized that various FPs could differentially affect the aggregation of toxic polyglutamine expansion aggregation into IBs and cellular toxicity that can be measured through reduced growth on agar plates. 37 The original constructs systematically tested by the Lindquist group contains Htt ex1 tagged at the N-terminus with a FLAG epitope tag and a fluorescent CFP at the C-terminus. 43 In absence of the FLAG tag, the expanded HDassociated fluorescent Htt ex1 protein displayed a significant change in IBs morphology, resulting in soluble and non-toxic aggregates. These results highlight the fact that the nature of the sequences flanking the polyQ region is indeed regulating its ability to acquire the toxic conformation. 42 In our studies, we chose to use an expanded Htt ex1 construct containing 72Q rather than the original 103Q. 43 This length induces reduced toxicity therefore allowing us to test for increased sensitivity to different conditions. Consistent with the finding that flanking sequences modulate polyQ toxicity, we found that expression of FLAG-72Q protein without the C-terminal CFP fragment (72Q-Stop) was not toxic ( Figure 1A ,B) even when expressed at high levels from a multicopy plasmid ( Figure S1 , Supporting information).
The CFP-tagged version of 72Q showed typical toxic aggregates observed by fluorescent microscopy ( Figure 1C) Figure 1D ). A dot blot assay was performed using the same lysates to assess expression levels of the different constructs ( Figures 1D and S2 ). Thus, our data argue that while both fusion proteins can oligomerize and aggregate, only the CFP-tagged polyQ appears to be able to acquire a toxic conformation. It is possible that addition of the fluorescent tag changes the biophysical properties of Htt ex1 oligomers, leading to formation of the toxic species similarly to what is observed with the addition of the FLAG tag at the amino terminus end of the protein. 42 Indeed, recent in vitro data indicate that untagged Htt ex1 can behave differently than the tagged versions. 45 In addition, we found the CFP-tagged proteins produced a very weak fluorescent signal, especially for the soluble 25Q construct. This signal is so low that it is on par or even below that emanating from red vacuolar pigment due to the ade2-1 mutation in the W303 strain 46 ( Figure 1C ). Given the variety of FPs available and their frequent use of them as interchangeable building blocks, we sought to further determine the impact of some of the most popular FPs on Htt ex1 aggregation and toxicity.
| Differential impact of FPs on Htt ex1 aggregation and toxicity
We assessed the impact of different FPs on the ability of expanded polyQ proteins to aggregate into toxic oligomers and IBs. We chose some of the brightest FPs available for expression in yeast. These include the yeast codon optimized and monomeric versions of superfolder GFP 47 (ymsfGFP), mNeonGreen 6 (ymNeonGreen), Cherry 48 (yemRFP), and TagBFP2 (yomTagBFP2). 49 All polyQ fusion proteins were cloned into a low copy yeast vector under the control of the GAL1 promoter ( Figure 2A ). Expression of these constructs in yeast cells led to 2 unexpected observations: first, we observed that unlike its ymsfGFP, ymNeonGreen and yemRFP counterparts, 72Q-yomTagBFP2
showed no aggregation and displayed features similar to 25Q tagged with other FPs (Figure 2A ). Second, we found that that while both 72Q-ymsfGFP and ymNeonGreen displayed strong growth inhibition compared to their 25Q counterparts, 72Q-yomTagBFP2 showed no toxicity and grew as well as 25Q yom-TagBFP ( Figure 2B ,C). Interestingly, 72Q-yemRFP showed intermediate toxicity ( Figure 2B ,C). Since aggregation and toxicity of Htt ex1 can be traced back to its ability to oligomerize, we tested the ability of these proteins to oligomerize using SDD-AGE. forms SDS-soluble oligomers that are distinct from Htt ex1 oligomers. 50 Moreover, TDP43 IBs formation is independent of the yeast prion protein Rnq1, which is required for formation of Htt ex1 IBs. 35 We found that expanded Htt . 42 However, we observed that robust β-barrel folders, such as ymsfGFP displays similar toxicity compared to the original, non-optimized, CFP tagged 72Q construct ( Figure S4 ). These data argue against a role for an FP's folding capacity in Htt ex1 toxicity in yeast. Therefore, it appears that the phenotype observed for yemRFP is probably caused by the previously reported inherent ability of red FPs to oligomerize/ aggregate. [20] [21] [22] 52 We should also note that the original CFP construct is not monomerized but still induces toxicity, indicating that unlike what we observed for red FPs, for Aequorea-derived FPs (GFP and its derivatives), the weaker tendency to oligomerize does not appear to have a significant impact on Htt ex1 -fusion toxicity.
| Optimized blue Htt ex1 protein fusion
Curiously, 72Q-yomTagBFP2 proteins migrated faster on the SDD-AGE gel compared to the other 72Q constructs tagged with either ymsfGFP or ymNeonGreen ( Figure 2D ). This indicates the presence of proteins were detected using an anti-FLAG antibody.
smaller oligomers that are not incorporated into IBs when observed by fluorescence microscopy ( Figure 2A ). We originally choose yomTagBFP2 because it had been characterized as the optimal blue FP for expression in yeast. 49 Recently, a new generation of FPs, the moxFPs have been described. These monomeric proteins lack internal cysteines and are therefore optimized for the secretory pathway. 14 We codon optimized moxBFP for expression in yeast and generated fusions with either 25 and 72Q Htt ex1 ( Figure 3A) . Interestingly, we found that Images were collected using the same acquisition parameters to allow direct comparison of fluorescent intensities. Inverted black and white images are shown for clarity. Plot of quantified individual cell mean fluorescent intensities is shown for comparison. *P < .001. E, 72Q-yomTagBFP2 is significantly dimmer than its 25Q counterpart. Images were collected using the same acquisition parameters to allow direct comparison of fluorescent intensities. Inverted black and white images are shown for clarity. Plot of quantified individual cell mean fluorescent intensities is shown for comparison. *P < .001. F, SDD-AGE and dot blots of cell lysates prepared for the indicated Htt ex1 constructs. For dot blots, 3 different serial dilutions of protein lysates are shown. Htt ex1 proteins were detected using an anti-FLAG antibody.
(ymoxBFP) was significantly brighter than yomTagBFP2 ( Figure 3D ).
Interestingly, we observed that 72Q-yomTagBFP2 displayed lower fluorescent signal than the 25Q-yomTagBFP2 fusion ( Figure 3E ). We have previously observed a similar phenomenon with the expanded mHtt ex1 proteins in mammalian cells. 29 This may reflect increased degradation of the polyQ expansion proteins. Thus, the yomTagBFP2 vectors could help studying the behavior of expanded mHtt ex1 in absence of IBs that complicate both biochemical and fluorescent imaging experiments. Finally, increased aggregation and toxicity of the moxBFP tagged constructs correlated with slower migration of the ymoxBFP 72Q oligomers on SDD-AGE ( Figure 3F ).
Our imaging result contrasts with the original report showing
that TagBFP is significantly brighter that than EBFP2, at least in solution. 53 However, optimal brightness will be possible only when FPs are expressed alone or when fused with well folded proteins. 54, 55 Indeed, the supferfolder variant of GFP was created by screening for its ability to fluoresce when fused to poorly folded proteins. 47 Thus, fusion of yomTagBPF2 with misfolded Htt ex1 could be problematic. It is important to note that the new moxBFP generated by Costantini et al 14 contains both superfolded mutations and additional cycle-3 GFP mutations (F99S and V163A) 56 that would make it a robustly folded fusion partner. Indeed, we found that when expressed alone in the yeast cytosol under a constitutive promoter, yomTagBFP2 was slightly brighter than moxBFP (Figure 4 ). While the mean fluorescent intensity across the cell population was similar, the standard deviation of the fluorescence signal was significantly higher for yomTagBFP2.
This result indicates that while yomTagBFP2 may be the brightest blue FP, ymoxBFP performs better in the context of fusion protein reporters. These results should be taken in consideration when designing new blue FP fusions.
TagBFP2
57 is an optimized version of TagBFP, 53 which was originally derived from TagRFP, 52 which, like most red FPs was derived from multimeric proteins isolated from Anthozoa corals and anemones. While these proteins are reported to be monomeric, several studies have found that they are actually strongly dimerizing. [20] [21] [22] 52 Unlike mcherry, which is only weekly dimerizing 14 and allows for IBs formation (Figure 2A) , the TagRFP family of FPs are very prone to dimerization/oligomerization. 14, 20 Therefore, it is plausible that yomTagBFP2 strong tendency to oligomerize prevents expanded Htt ex1 interaction either with other Htt ex1 molecules or with other cellular components required for incorporation of polyQ proteins into IBs such as the prion protein Rnq1 or chaperone proteins. 35, 43 It was previously shown that polyQ-expanded Htt ex1 proteins are recruited into preexisting IBs formed by non-toxic Htt ex1 expansion reporters containing the proline-rich domain adjacent to the polyQ repeats, irrespective of the flanking sequences. 43 Thus, we used the previously published construct encoding a non-toxic 103Q containing the Another possibility would be that 103Q Htt ex1 has a greater affinity for 72Q and can override the yomTagBFP2 tendency to oligomerize. However, expression of a 103Q-yomTagBFP2 construct did not result in either IBs formation or toxicity ( Figure 6C ). Interestingly, IBs induced in the presence of 103QP-GFP were equally bright for both and ymoxBFP ( Figure S5 ). This might be an indication that the combination of both a longer 103Q Htt ex1 and the presence of GFP are required to alleviate the phenotype caused by yomTagBFP2.
These results indicate that while Htt ex1 -yomTagBFP2 constructs are unable to form IBs when expressed alone, they can be recruited by Htt ex1 proteins tagged with other FPs ( Figure 4C ). Based on these data, it appears that the affinity of yomTagBFP2 is higher than Htt ex1
. yomTagBFP2 oligomerization may prevent assembly of Htt ex1 into toxic oligomers and IBs by either preventing interaction between different Htt ex1 proteins or by potential sterically challenge recruitment of factors required for IBs formation such as Rnq1 (Figure 7 ). This strongly suggests that the inability of 72Q-yomTagBFP2 to form higher oligomers and incorporate into IBs is at the root of the decreased toxicity observed with this particular construct (Figure 2 ) Therefore, these results should be taken in considerations when using yomTagBFP2 and other red FPs and their derivatives for fusion proteins design.
Finally, it is important to appreciate the differences between the various properties of FPs when designing fusion proteins. In Figure 8 design. 12, 14, 20, 26, 49, 58 In addition, our new palettes of optimized fluores- 
| METHODS

| Yeast strains and culture conditions
All strains are derived from W303 Mat a. 62 In order to assess polyQ protein aggregation and toxicity, cells expressing the different plasmids were grown overnight in synthetic complete media using appropriate selection media to maintain plasmids. Cells were then washed twice with media containing 2% galactose and resuspended to OD 600nm 0.2 and incubated at 30 C in a rotator drum for the indicated amounts of time to induce polyQ expression. Spot assays were performed by spotting 5X dilutions of OD 600nm 0.2 on agar plates.
Plates were photographed using a Gel Doc system (Bio-Rad Laboratories) Liquid growth assays were performed using a BioscreenC (Growth Curves USA) plate reader set at 30 C.
| Plasmids
The original 25Q and 72Q-CFP lacking the proline-rich sequence (ΔPRO) vector were previously described. 42, 43 To generate the All fragments were generated using standard PCR methods. 
| Fluorescent microscopy
Fluorescent microscopy was performed using a Zeiss 880 confocal microscope equipped with a 405 nm diode laser for yomTagBFP2
and ymoxBFP and CFP, a 488 diode laser for ymsfGFP and ymNeonGreen and a 561 diode laser for yemRFP. Upon polyQ expression, cells were transferred to LabTek imaging chambers (Thermo Inc.) and imaged at room temperature using a 63× PlanAprochromoat objective (1.4 NA). Images were analyzed using the ImageJ software (https://imagej.nih.gov/ij/).
| Dot blot and SDD-AGE
Biochemical analysis of polyQ oligomers were performed as previously described. 37 Briefly, cells were incubated in galactosecontaining media to induce the various polyQ constructs lysed in lysis buffer (100 mM Tris pH 7.5; 200 mM NaCl; 1 mM EDTA; 5% 
| Statistical analysis
In order to quantify changes in yeast cells growth, growth curves were generated using the BioscreenC and area under the curve was calculated using Graphpad Prism. Statistical significance was calculated using a 2-tail Student t-test where indicated. GAL-FLAG-25QΔPRO pPL003
ACKNOWLEDGEMENTS
GAL-FLAG-72QΔPRO pPL004
GAL-FLAG-25QΔPRO-ymsfGFP pPL005
GAL-FLAG-72QΔPRO-ymsfGFP pPL006
GAL-FLAG-25QΔPRO-yemRFP pPL007
GAL-FLAG-72QΔPRO-yemRFP pPL008
GAL-FLAG-25QΔPRO-ymNeonGreen pPL009
GAL-FLAG-72QΔPRO-ymNeonGreen pPL010
GAL-FLAG-25QΔPRO-yomTagBFP2 pPL011
GAL-FLAG-72QΔPRO-yomTagBFP2 pPL012
GAL-FLAG-25QΔPRO-ymoxBFP pPL013
GAL-FLAG-72QΔPRO-ymoxBFP pPL014
GAL-FLAG-103Q ΔPRO-yomTagBFP2 pPL015
GPD-yomTagBFP2 pPL016
GPD-ymoxBFP pPL017
GPD-FLAG-103Q + PRO-GFP -pRS416 (CEN/ARS) Ura We would like to thank Neta Dean for the yemRFP plasmid and Erik
Snapp for the ysfGFP vector and useful comments during the preparation of the manuscript.
The Editorial Process File is available in the online version of this article.
